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ABSTRACT 


A highly accurate low cost analog multiplier using cadmium 
sulfide photoconductors has been designed and tested. Use of a 
mice .cont 1 furetion tor the phovoconductors aifords cancella-= 
tion of several types of errors and permits bandwidth to be ex- 
tended since the photoconductors respond to an increasing Light 
level more rapidly than to a decreasing light level. In addition, 
four quadrant multiplication with single input polarity is pro- 
vided. : 


A static accuracy of 8 millivolts and a zero product error 
of 2 millivolts were achieved. The frequency for 1% dynamic 
error was 1 Hz. and the error at 10 Hz. was under 5%. Deficien- 
cies in the test version leading to frequent lamp burn-out and 
reduced bandwidth are discussed and corrective measures for 
these problems are presented; The redesigned multiplier should 
have a 1% error bandwidth of 7 Hz. or more without the problem 
of lamp burn-out. 


The semiconductor physical principles behind photoconductor 
- Operation are discussed with special attention being given to 
the effects detrimental to multiplier use. 


Thesis Supervisor: George C. Newton 
Tiule:) Pre@espor of Klectrical Enrinecring 
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INTRODUCTION 

Multiplication of two variables is the nee Giiticult Cchewic 
basic functions to implement pet ieracroany in analog computation. 
An ideal analog multiplier would have high static and dynamic accur- 
acy, wide bandwidth and yet be low in cost and simple; no device pre- 
sently meets these conflicting requirements” 

The aim of this thesis was to design and construct an analog 
multiplier having: 

[ere static accuraey over the full range of both var taelcalot 

0.1% or better, 

2) a 1% error bandwidth of 50 Hz. or more and, 

3) a cost-per-product of $50.00 or less. 
This goal was not fully achieved for reasons which will be discussea 
aver; however, the approach described is sound, and/it is believed 
that the shortcomings of this version could be eliminated in a supse- 
quent effort. 
THEORY 

Pra anes multiplier is a device which realizes the relation 

Z = kXY (eB) 

where X and Y are variables and k is a constant determined by system 
and device parameters. In an electronic analog system the most con- 
menienl Value for Kis Wsueliy that value for-which 2 veaches fui) 
Beate Whenevuoul « ard Y are at full scale, although this is not 


always the Lao 





The realization of (1) in terms of voltages requires a device 
Pere whieh the voltase gain 1S a precise linear function of a con- 
trolling voltage. ‘Since no such device exists in elemental form, 
it is necessary to linearize a non-linear device. Suppose a device, 
ipeilac: a tr ansler  funcuLon 

g = f(x) 

where f(x) is understood to be a monotonically increasing function. 
Then if we insert the device in a feedback loop which provides x 


and give the device an input Yo as shown in Figure One, 
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Figure One GENERAL FEEDBACK MULTIPLIER 


we have available a "predistorted"” x as an implicit function of the 
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input variable X 
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This elemental block is the basis of a great many accurate multi- 
pliers. It may be employed in two ways: (a) The input to the 
non-linear element, E, is switched among Yo aye Y while its out- 
put Heh tS cutie to obtain KAY ee KXY 3 this requires that the 
gain f(x) be held constant over the sampling cycle and that some 
Sort of Smoothing be employed at the product outputs. Or (b ) 


aga bronal clementas sf Ba having the transfer relationship 


tet 
f(x) receive the predistorted common input x but different in- 
puts, XY ee Y This requires a number of identical elements 
but permits simple circuitry. Such a multiplier is analogous 
to the well known servo-multiplier. 

The multiplier to be ; ee here uses the second approach. 
The element employed is a bridge arrangement of Cadmium Sulfide, 
(CdS) photoconductors driven by two groups of miniature lamps. 
A committed operational amplifier is employed to restore the 


Sucpus co full scale; @ 10 volts). The composite transfer char- 


acteristic of this element is shown in Figure Two. 
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Figure Two 
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Figure Tiree shows a Simplified circuit diagram of this element 
while Figure Four is a block diagram of the complete multiplier 
employing it. 

Several other approaches to the realization of a photoconduc- 
tive multiplier are possible; Figure Five shows a simplified schem- 
atic of a multiplier resulting from a previous project in the Elec- 
tronic Systems Tebosatery 
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Figure Three | BASIC MULTIPLIER ELEMENT 
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Figure Four —=COMPLETE FEEDBACK MULTIPLIER 
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need to restrict the range of voltages across each photo- 
conductor in order to reduce voltage effect. 





eee A -10 x 


Tne Cems a Sed 
are CL 605L - 020 and the lamp is a #338 as in the design 
presented in this thesis. 


Figure Five SIMPLIFIED SCHEMATIC OF ESL FOUR QUADRANT 
MULTIPLIER 





PHOTOCONDUCTOR SELECTION 

stated loosely, a photoconductor is a device having a conduc- 
tance=directly proportional to the incident light intensity... Urfor- 
hUgdeely, »tiere arelseveral reasons that this is not exactly true; 
these must be taken into account in the selection and application 
@t photeccnductors to an accurate analog Pe iene. 

Photoconductors exhibit substantial temperature coefficients. 
For selected CdS cells of the most stable type, typical values are 
ime range of -0.1% to -0.5% per degree centigrade at 28° Cc. at 
moderate light levels. Cadmium selenide, (CdSe) cells are substant- 
iolhy worse; -1% per degree is the proper order of nants 

A “light history” effect is important. After a period of 
darkness, some time is required for the cell to reach its final 
Pesicvance. for the cells used in this multiplier the change is 
approximately +2% in 48 hours following a one hour exposure to 
light sufficient to give a resistance of 40,000 ohms. This effect 
is less serious at lower resistances; here too CdSe cells are 
Werse . 

Cell time constants are strongly dependent on the light level 
and are substantially shorter for increasing light intensity than 
for decreasing intensity. In one test, the ratio of "rising" 
time constant to "falling" time constant was 1:10 between the 
Same resistance limits. 


SEs 


Finally, there is a Significant "voltage effect’. This mears 
) S & 


ie 





that Uh@cell resistarce is affected by the applied voltage; this 
effect is of the order of -0.1% per volt for the cell used in this 
multiplier and is substantially worse for cells having a narrower 
interelectrode gap and again for CdSe. 

pince stability and accuracy were prime corsiderations, a cell 
type previously shown to give superior performance in these char- 
acteristics was selected. The Cl 605L - 020 manufactured by the 
Clairex Corporation is particularly suited to this application 
because (1) it uses a very stable cadmium sulfide photocorductive 
material and (2) it has an unusually wide interelectrode gap, which 
fiMim 265 Voltage effect. Cells er this type nave been Used in 
previous multipliers designed by the Electronic Systems Laboratory 
so that a standard was available by which to judge the merits of 
erceCircult. 
CIRCUIT DESIGN 

JeoWperaulre eOc  PiCteiy wlio history, and voltagesc reer 
Suggest an arrangement in which the errors caused by one cell can 
be canceled by those cf another. For the temperature coefficient 
ene lignt history this 1s relatively Simple to accomplish since it 
iS Simple to mount the cells so that they will all be at the Same 
temperature and all of the cells of a particular multiplier will 
have the same light history. Voltage effect cancellation is some- 
what more difficult to obtain because this requires that the 


opposing cells have the same applied voltage but even this can be done. 


-[- 





ihe great difference between the time required for rise of con- 
duction and the time for iv to tall favors a differential circuit 
‘in which one cell could be rising for output enanees of either 
Sire ctLon. 

These constraints specify a balanced bridge whose output 
is the current differential between two cells operating at the 
Salic, Sppmlcd Voltas Duuecaittcremumarenl levels. Figume Six 
Shows a Simplified schematic of the multiplier which resulted 
from this approach. Operation is quite simple: with no X input 
the lamps are equal in brightness; an input produces a differ- 
ence in lamp brightness which results in an amplifier output 
X' cancelling the X input current(assuming infinite lamp driver 
gain). Each product amplifier receives a differential input 
current proportional to the difference of cell resistances and 
wie OrOdUucL inpuu, and this current diiterential is cancelled by 
a proportional output voltage through a feedback resistor. 

Provided that the steady-state range of cell resistance is 
small, oat effect is canceled in each bridge; the Same is 
true of light history effects. Temperature coefficients do not 
So cancel poceuse they affect the difference of cell resistance 
in each bridge; however, they cancel between the master bridge 
and each product bridge since the resistance changes are equal. 
(Since temperature coefficients exhibit a substantial scatter, 


cancellation is not Berton ls 
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Provided that substantial over-ranging is possible, i.e., that 
the lamp driver and lamps are capable of exceeding the range of in- 
tensities necessary for the full static range, any change of output 
required is met by a decrease of resistance of one cell or the other. 
This arrangement gives the maximum speed of which the cells are cap- 
able; see Appendix One for design calculations. 

Several light sources were considered. Neon lamps are extreme- 
ly fast; however, they exhibit several types of instability whicn 
makes them unsuitable for this application. Electroluminescent 
Strips and panels are ineffective when operated at frequencies hign 
enough to be outside the multiplier bandwidth. Hlectroluminescent 
diodes with sufficient output for multiplier use are not Sea 
available (several were tested); however, they have excellent fre- 
quency response and are quite stable. It seems likely that outputs 
and efficiencies will rise with further development, and tnis would 
make them the method of choice 

Incandescent lamps were finally chosen; their only serious dis- 
advantage is their poor frequency response. Since they can be made 
to increase output as rapidly as desired by applying sufficient fila- 
ment voltage, this is less of a disadvantage than it might otherwise 


ee 


As previously explained, a rapid increase of brightness is re- 
quired to obtain the best performance from the bridge cell configura- 


tion while a rapid decrease is less critical. Figure Seven shows 


the amplitude and phase characteristics of the lamp driver - lamp - 
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GAIN IN DECIBELS RELATIVE TO STATIC 
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MECHANICAL DESIGN 

In the test version, all components are physically located on 
a pair of DEC plug-in modules; this is more than enough space and 
With smtelver operational amplifiers one card would probably be suffi- 
cient. Tne lamps and cells are mounted in two machined aluminum 
cavities salvaged from an earlier multiplier design; they were modi- 
fied to mount holders for three #338 miniature lamps rather than 
the single lamp used in the earlier version. As shown in Figure 
hese cach Cell 1s mounted an a brass cartridge adjustable axrarl, 


by means of an 8-56 leadscrew. 
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Figure Eight CELI, HOLDER AND CAVITY 
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A spring surrowidiig the leadscrew takes up backlash, and the leads 
from the cell pass within the spring and out through the slot in 
whieh the leadscrew operates. 

As might have been anticipated, the cell leads are subject to 
abrasion and frequent short circuit; when this happens in the master 
Peace 1t causes failure of one or more lamps. 

PERFORMANCE: 

Two products were wired and the multiplier was aligned as 
described in Appendix Two. Results of performance tests are compared 
belaw with a previous Electronic Systems Laboratory four-quadrant 
moduba pl. iex oct 

poswcanmebe Seen, frequency 7esponse is not salislactory.) 41071. 
serious deficiency is the frequency with which lamps are burned out 
by input transients. The only other problem is the short circuits 
mentioned in the preceding section. Since lamp replacement necessi- 
tates realignment (which requires about 4 hour to perform), it must 
be eliminated in a useful multiplier. 

CORRECTION OF DEFICIENCIES 

The three difficulties discussed above (poor frequency response, 
frequent short circuits, and lamp burn out due to transients) appear 
to have straightforward remedies. 

Whe poor frequency response is evidently purely the result of 
gnsutficient lamp driver gain coupled with incorrect driver compensa- 


tion. Use of a nigh-gain amplifier with proper compensation should 


Ble = 
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Figure Nine MULTIPLIER SCHEMATIC DIAGRAM 
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Figure Ten SUGGESTED CAVITY DESIGN FOR SEVEN PRODUCT 
MULTIPLIER 
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raise the frequency for 1% dynamic error to 7 Hz. or more. See 
Appendix Toree for detailed calculations. The short-circuit pro- 
blem is more difficult. The most obvious answer is to insulate 
the cell leads with a material having greater abrasion resistance; 
the present insulation is teflon tubing which is a poor performer 
in this respect. But movable cells are a danmed nuisance and make 
the cavity expensive to produce. A suggested alternative cavity 
design, which would eliminate the abrasion problem and be simple to 
E@letruct Gither as a prototype on the usual machine tools Gram 
moderately large quantities justifying other methods, is shown 
in Figure Ten. The lamp-to-cell light path is radial, and the 
adjusting screws sas aetceilalag occlude the cell face, giving pre- 
cisely the same effect as movable cells. Some adjustment of di- 
menelous, screw Size, and location mignce be necessary in order to 
Obtain the proper combination of adjustment range and rate. fhe 
eells should be mounted by filling the cell back with an opaque 
epoxy compound to exclude ambient light. This configuration has 
the added advantage of giving about the closest possible thermal 
coupling between omiceee 

Because the cells are substantially closer to the lamp than 
in the previous cavity designs, only one lamp is required to obtain 
the recomnended range of pooecemecs a 

The final problem is the lamp burnout by input transients; it 


Seens provable that this can be controlled by reducing tne maximum 


aii 





lamp excitation voltage. The present value, about 25 volts, was 
determined experimentally before the static lamp temperature was 
Know and it 1s clearly too high for actual operating eonditiens. 
The correct value is that which will raise a lamp from the minimum 
Static temperature to the maximum allowed slewing temperature when 
applied through the chosen parece toras A good start would be to 
reduce the +80 volt supply to about +50 volts and adjust the lamp 
Series resistors to give the correct zero product temperature and 
Slewing range. New capacitors should then be chosen to give the 
best ecell response. to a square wave of about 5 Hz. without reduc- 
mie lamp. Lire. 

What is needed is a compensation providing "square" response 
of lamp intensity to increasing input voltages (minimum rise time 
with little or no overshoot). The proper capacitor choice would 
provide an approximation to this condition but a more sophisti- 
cated approach would be direct feedback of lamp intensity to the 
driver input. This could be accomplished in at least two ways, 
either of which would be at the expense of more complex circuitry. 

1) A photodiode orphototransistor could be exposed to the 

light in each cavity; these have very much faster re- 
sponse than the highly stable photoconductors used in 
the main feedback loop”. Their lack of linearity and 


stability would be much less important if they were 


applied to controlling the intensity of the lamp since 
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slp Bet stoyourr 
it would affect only the slewing speed of the multiplier. 
A block diagram of this system is shown in Figure Eleven 
(au). 

2) The lamp intensity could be obtained indirectly by sensing 
the filament resistance. One way of accomplishing this 
would be to excite the lamp with a small current at a 
relatively high frequency, say 50 kHz. and detect the re- 
sulting voltage. This could be fed back to the driver in- 
put as with the photodiode; the added complexity would be 
Somewhat greater than with that method. This system is 


block diagramed in Figure Eleven (b). 
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Figure Eleven FEEDBACK OF LAMP INTENSITY 
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CONCLUSIONS AND RECOMMENDATIONS 


The multiplier design described herein is a straightforward 


Low cost approach to a device with a static error of 0.1% or less 


and a 1% dvmamick#enron frequency of 5. Combes? we Witgae nr E ner meee. — 


igation more sophisticated compensation or lamp control strategies 


would probably extend the bandwidth. The mechanical design of 


the light cavities needs to be changed both to eliminate short cir- 


cuits and to Simplify construction. Specific recommendations are: 


1) 


2) 


=) 


1) 


Replace the present lamp driver circuit with an operation- 
al amplifier having a gain of 70 db. or more,followed by 
a simplified lamp driver having only the voltage gain re- 
quired to expand the voltage range of the operational am- 
plifier to the range chosen to drive the lamps. 

Sutdy in systematic fashion the effect of various com- 
binations of peak voltage and coupling capacitance on 


combined cell and lamp frequency response and on lamp 


, Life. Better combinations than that used in this design 


can be ove 


Examine systematically the various compensation alterna- 


TLS © 


Determine whether a light cavity can be designed with 


fixed cells trimmed by “shadow screws". If this is not 


0S 





4) 


5) 


cont. 

DPessivie, errors resulting Prom ei celroniestrimmnue by 
parallel and/or series resistance should be determined 
and a cavity using fixed non-adjustable cells should be 
used. 

Examine the possibility of using a less stable pnotocon- 
ductive material (since this configuration cancels most 
of the errors from this source) having faster response 
Pree eetetics if a fixed-eell package 2s eucedeae i. 
small diameter of the Clairex type 600 package becomes less 
important and a material not available in that package 
might well be chosen. This would be particularly true 
for a radial-path design such as tnat described earlier. 
The CL 705HL cell (TO-5 package) should be investigated 
Since it appears to be about 5 times faster than the 
present cell but has only twice the temperature coeffi- 


cient. Voltage effect would have to be studied,nowever. 
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APPENDIX ONE 


MASTER LOOP LAMP VOLTAGE DIVIDER CALCULATIONS 


Initially the following constraints were to met 


1) For full scale static deflection the cell resistance 


were to be 10 k and 22.5 k respectively. 


Maximum voltage on the lamps during slewing will be 


2) 


10 volts; this is to be accomplished with the maxi- 


der, 40 volts. 


Late 


mput to the lamp di 


at 


Llable 


Mu ave 


From constraint (1) above and the cavity V-I and transfer 


98 volts 


characterist 


ic below, we see that the lamp voltages are D 
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for 10 k cell resistance and 4.66 volts at 22.5 k. Further, we 
find the lamp currents at these voltages are 54 ma. at 5.98 volts 
and 48 ma. at 4.66 volts. 

Thus from the diagram at the right: 

1) T= 54 - h& = 0.006 amperes 


2) 80-V - 5.93 


R 
a, 


3) vi - 4.66 
R 


a 


= 0.054 amperes 


= 0.048 amperes 


adding we get: 





+) = s 0.102 amperes 
a 
5) _ 69.36 _ : 
Re See = 680 ohms 


Applying the second constraint we get: 
6) v = 80 - 10 - 0.071 (680) = 7O - 48.3 


Seek (o VOl ts 


and 


7) .I + I,= 0.071 amperes 


il 
8) IR, = V = 21.7 volts 

Cy BE ve I, (680) =V 

10) I,V, is on the lamp V-I characteristic. 


By trial and error it is found that: 


tL = 0.0296 ion ieavolts 


[-2 





Then from (7), 
I=0,071 - -.02% = 0.041) amperes 
SUbsunpueing in (oO): 


is 0.0414 R, = 21.7. Rearranging 
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APPENDIX IT 


ALIGNMENT AND TESTING 


As constructed,there are 4 useful adjustments on the master 


bridge and 4 on each product. Alignment requires some care but 


the procedure is straightforward; Figure Nine is a detailed sche- 


matic of the master control loop,and one product showing all ad- 


justments. Alignment is carried out as follows: 


1) 


2) 


3) 


set all cell screws and all bias trimmers at midrange. 
pet product gain pots about 5 turns from the maximum 
gain position,and apply all voltages. Connect yy ext ne 
to -1O volt reference voltage and ground the X input. 

DO NOG touch the master celie=screvs. ~Altempt te,use use 
master bias trimmers (coarse and fine) ,which will affect 
all products equally,and the individual product bias 
trimmers to bring all products to zero without touching 


the product cell screws. Where necessary, turn product 


cell screws in opposite directions equally to make this 


possible. 


Connect a .1 Hz., 20 volt peak - to - peak sine wave to 
the X input. Connect a precision voltage divider as shown 
in Figure Twelve (a). The scope display will be the pro- 
duct error divided by two; She millivoltmeter is needed 


to accurately set the zero. 
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4) Go through and look at all the product errors on the 
Scope. You should see nearly straight lines passing 
through zero at center scale and having various slopes. 
On one product at a time use the gain trimmer and the 
amplifier offset trimmer alternately to bring the ends 
of the trace to the same error with essentially zero 
et ttt at center scale. 

5) At this point the error traces will probably have a 
predominant curvature; either most of the traces will 
be bent up at the ends of most of them will be bent 
dove, Disc, pick outmanm average trace and use the 
Mdeterw zero sey trimer LO move it FOC millivelverm 
the direction that ats center should be moved for®atilac 
trace. Use one master cell screw to bring the center 
of the trace back 50 millivolts and the other to finisn 
the job. The trace will now probably have a slope; use 
ae preducl’ gain trimmer to eliminate this, and finvea 
DY Ye=Zerolneg Using the product offset trimmer. 

The error trace will now be flatter than it was; repeat 
the procedure until satisfied. Since these adjustments 
on the master loop affect all products, the mean curva- 


ture will now be reduced to zero. 
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6) Look again at the other products and retrim them for 


7) 


8) 


flattness (gain) and zero error (offset). If any of 
them have a substantial curvature, use the offset screw 
to move the trace in the direction opposite to that re- 
quared so bring its center into line, and use the produce 
cComiserews to brine Lt back. Retrim the product fox 
flatness as before. 

Ali product errors should now be less than 10 millivolts 
peak. If any product cannot be brought down to this 
error, a serious cell mismatch is indicated; this will 
usually result in an excessive curvature on one product 
which cannct be eliminated. Before changing cells, try 
changing product operational amplifiers since the ampli- 
fier offset current may vary enough to bring an otherwise 
impossible curvature into line. 


Now intercnange the common and slave inputs, connecting 


Pee sO. Hz. Signal to all of the slaves, Y, ... Vp and 


al 


the X input to the -10 volt reference voltage. Reconnect 
the voltage divider as shown in Figure Twelve (b) and look 
at each of the product errors. Probably they wijl all be 
hess than 10 matiaivolts; Chose whaech are not. haveraucell 
with excessive voltage effect ana which will have to be 


changed. 
TT-4 





Miewmenefoime. looks. quite complicated but in practice it is 
Simple to do. Provided that the lamp burn-out problems previously 
described are eliminated, alignment should seldom be necessary since 
considerable compensation for change in temperature is built into 
the design. | 

The testing arrangement described above was used throughout 
the development of the multiplier to determine both static and dy- 
namic errors. As aligned, the multiplier constructed had the dy- 


namic, error versis frequency characteristic shown in Figure Thirteen. 





ned eee een Ce 
“40 i eeeli— ts a bead =|: Sia |, | ey Pde 
a “ae - 4 | : 4 a S. x 
bit. | a vl aS 
his = | 
— ; O ‘ Sivnn 1 ‘ 
" . re. - = = 
f s 
le) 3 5 ® > -| DYNAMIC ERROR 
es | miei F REQUENCY 
| 4 eS y ; , 
—5 | te aS eo 
~ 200 5 = is a io | a ah i. 
Lia fad af , i 
ae ov a . 
sore [x] : | 
or 2) 
i v 
100 In, => : sia : 
a FREQUENCY IN HERTZ. 
Fis E ] 1 “1 | 
l 2 | I ‘tel Ae | 
0 a . | . = 
ee Ome Ole ON 3 OS OM ote Oi Id 








APPENDIX III 


STABILITY AND COMPENSATION CALCULATIONS 

Figure Seven shows the phase and amplitude response of the lamp- 
eell combination as initially constructed. For this test the driver 
amplifier was given a fixed voltage gain of 4. The signal amplitude 
was 2% of the full scale. The test was made by measuring the increase 
of input signal to maintain a constant output as frequency increased 
Measurements were terminated when lamp burn-out occurred at 395 Hz. 

The compensation used with the driver amplifier gave it a gain 
asymptotic to 20 (i.e., 26 db.) above 16 Hz. and to a rise of 6 db. 
per octave below that frequency. Since the loop was stable for this 
compensation, it appears that the loop gain reaches O db. before 
the phase lag reaches 7 radians. 

The loop gains above 16 Hz. are: 


Operational Amplifier gain +24.3 db. 


(flat) 
D.C. Lamp-cell gain -8.6 db. 


Driver gain +26 = db. 


Total gain:+41.7 db. 

So the lamp-cell combined gain relative to D.C.must be -41.7 db. 
or less at the point where the phase lag is 7 radians. This is not 
obvious from Figure Seven and the test clearly should have been ex- 
tended to higher frequencies. 

A better choice of compensation (with the knowledge of loop 


. Stability at 26 db. of driver gain) would be a characteristic 
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asymptotic to 20 db. (to allow for phase lag added by the driver 
by changing the compensation) above 100 Hz. and rising at 6 db per 
octave below that frequency. 
At 100 Hz. the net gain would be: 
Operational amplifier gain +24.3 db. 
D.C. Lamp-cell gain ~8.6 db. 
Driver gain +20.0 db. (roughly) 


Lamp-cell gain relative 
to D.C. (Figure Seven) 


~16.2 db. 
Total Loop Gain: +19.5 db. 
Since 1% dynamic (voltage) error corresponds to 40 db. of net 


loop gain, the 1% error frequency would be: 


oe = 3.42 octaves below 100 Hz. 
100 100 
2 _ 100 lee 
ee 5 ssa me 


From Figure Seven it appears that the added phase lag would be 
well tolerated below 100 Hz. 

Now consider a steeper characteristic. for example. 6 db. per 
actave below 100 Hz. and asymptotic to le db. per octave below 50 Hz. 
For calculation purposes, we can guess at the frequency for 1% dynamic 
error by aSsuming a break at 75 Hz. and a characteristic asymptotic to 
l2 db. per octave below that. 

We need 20.5 db. of added gain for a net of 40 db., hence we 


must go: 
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EO 
— = lawmectavesebelow 75 Hz. 





Such compensation would be well worth trying, though the added 


phase lag would probably be unacceptable. 
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APPENDIX FOUR 


SEMICONDUCTOR PHYSICS OF PHOTORESISTOR OPERATION 


invthis appendix, the effects observed iInignetoresister 
@mecra tien Wide. be explained in terms of basic physical princi- 
ples; this writer was not able to find such a detailed explana- 
tion when doing the mec |. 

A photoconductor is a two terminal element having a resist- 
ance which varies inversely with the incident light level. Pre- 
sent day commercial photoconductors take the form of a film of 
semiconductor material deposited on an insulating substrate and 
enclosed in a sealed envelope which is usually evacuated. AILI1- 
glass envelopes are most common,but modified TO-8, TO-5, and TO-18 
metal-and-glass envelopes are also available. Connections to the 
Semiconductor film are made by means of two metal electrodes 
(often interdigitated) plated onto the film; this produces an 
ohmic (nor rectifying)contact. Wire leads are soldered to these 
elleecurodes and brought out through the envelope. 

Not surprisingly, the most important factor effecting cell 
performance is the semiconductor material chosen. At present, the 
most common materials are cadmium sulfide (CdS) and cadmium selen- 
ide (CBe);.These materials operate in the same fashion, however 
each has its particular advantages and disadvantages. The follow- 


ing; discussion principles applies to both materials. 
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By definition, a semiconductor material has available a few 
(but not many) electrons and "holes" to serve as carriers of an 
electric current. Under these conditions, the allowed energy levels 
in a perfect, pure crystal are only those represented by bound or 
“valence” electrons and free or "conduction" electrons. Semicon- 
ductor materials used in photoresistors are actually compe of 
highly imperfect polycrystalline films. Additionally, they contain 
deliberately introduced impurities (doping agents), which introduce 
imperfections at the atomic level by causing local distortions of 
the crystal lattice. 

Both types of imperfections introduce additionel allowed energy 
levels between the valence band and the conduction band. Two general 
impes Ob scuch Levelis occur. 

Donor and acceptor levels result from a doping agent having 
either an extra or a deficient electron. Clearly since a donor 
atom has an electron not required to form bonds with adjacent elec- 
trons this electron is very nearly free. This implies an allowed 
energy very near Eye conduction band, a "donor level". The comple- 
mentary Eee ant holds for acceptor Levels which lie near the valence 
band. 

The other possibility, trapping and recombination levels, is 
the result of crystal imperfections as mentioned above. An electron 
may enter such a level from either the valence band or the conduction 


band. If it enters from the conduction band, it gives up part of 
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its energy tolattice vibrations, (heat); thereafter either of two 
processes may occur: (1) The electron may recombine with a hole 
from the valence band giving up the remainder of its energy or, 

(2) the electron may be thermally reexcited to the conduction band. 
If (1) predominates the level is a “recombination level" while if 
(2) is more probable, it is a “trapping level". With this greatly 
Simplified picture of photoresistor operation we can proceed to 
discuss some of the effects observed in such elements. 

Let us begin by examining the basic phenomenon of photoresist- 
ivity. Suppose we have a photoresistor which has been stored at 
absolute zero and in total darkness,and further suppose that all 
trapping and recombination levels were empty. Now, we raise the 
temperature cf the photoresistor to room temperature. Electrons 
are thermally excited from the valence band and from the donor levels 
to the higher levels (trapping or recombination). Some electrons 
Will gain enough energy to enter the conduction band; this is the 
reason that even in total darkness a cell never has infinite re- 
sistance. 

If the cell is now illuminated with light of the proper wave- 
length many electrons are excited directly from the valence band 
and the nearby acceptor levels into the conduction energy band. 

Two important effects related to the growth of conductior will be 
discussed; one is the short-term effect of photoconductor "time con- 


stant" and the other is the "light history effect’ whicn is observed 
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When 4&4 photoconductor is illuminated for periods of seconds to days. 

As previous]; stated, both trapping and recombination energy 
levels may be thought of as resulting from physical defects in the 
Crystal lattice; they are thus associated with specific Sites in 
the photosensitive material. Further, these sites may be thought 
of as having a specific "capture cross section". Thus, the rate 
at which electrons are captured at trapping or recombination cen- 
ters iS a monotonically increasing rieen of the density of elec- 
Mrone in che conduction energy band; 1.e., of the conductivery. 
Growth of conductivity thus represents an excess of electrons 
entering the condition band over those being captured and this 
growth will. continue until an equilibrium is reached between the 
rate at which electrons are excited and ae at which they are 
Gaptured. if the capture probability were a constant, this growin 
would be along an exponential curve; the real situation isn't so 
Simple. Equilibrium with those trapping and recombination centers 
near the conduction band is reached fairly rapidly; but with those 
centers having energy levels much below the conduction band, equili- 
brium soyre a longer time. It is for this reason that tne typical 
photoconductor conductivity growth curve shows a variable "time 
constant" which increases with illumination time. 

We have so far assumed that only electrons need consideration 
and that all capture sites are either trapping or recombination 


centers independent of time. Actually, neither assumption is 
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correct. A capture site is a "recombination" site if it contains 

a hole because a captured electron will then give up its energy 
and will not re-enter the conduction band. Since the conduction 
process actually includes a few holes as well as the many electrons, 
as conduction continues, some sites will acquire a hole and be con- 
verted from trapping levels (from which an electron could be ther- 
mally re-excited to the conduction band) into recombination cen- 
ters. It is easy to see that this process results in a slight 
decrease in the rate of thermal excitation of electrons and hence 

a slight decrease in the tctal conductivity. At high illumination 
bevels inerm. Yre-excivavion is hess significant so thatmimie 
"light history effect" becomes less serious. 

Since short-term changes in illumination cause relatively 
Patbole, change in the population of the intermediate e.ergy levels, 
this is a long-term process. 

Because of the light history effect,analog multipliers employ- 
ing photoconductors typically require several days with application 
6f all supply voltages to fully stabilize. 

Another important effect which must be considered in the 
application of photoconductors to accurate analog multiplier devices 
is the "voltage effect". For various reasons as outlined above, 
substantial numbers of electrons exist in energy levels just below 
the conduction band in such an element under illumiration. If a 


voltage is now applied producing an electric field in the semicon- 


Se. 








ductor, free electrons (in the conduction band) will be accelerated 
and thus gain energy. It is perfectly possible for such an electron 
to strike an electron in an energy level only slightly below the con- 
duction band and excite it into conduction,without itself falling 
below the limit of the conduction band. Now there are two conduc- 
tion electrons instead of one. This process is called "impact ioni- 
zation: and is the source of "voltage effect" peered when photore- 
Sistors are subjected to electric field intensities of the order of 
50 volts per inch of gap width or more. (Typical gap widths for 
photoresistor cells are of the order of .005 inches to .C20 inches. ) 
For the Clairex CL 605L-020 cell used in multipliers described in 
this thesis, this effect is of the order of -.075% resistance change 
per volt applied to the cell at moderate light levels and is slightly 
non-Linear; the Fesieemes change is proportional to the 1.17 power 
of the voltage. 

ReOu ule toresolng, it is clear that bovh voltage effec. aad 
light history effect depend in detail on the occupancy of energy 
levels immediately below the conduction band. So far, we have tacit- 
ly assumed that all photons striking the cell had sufficient energy 
to excite electrons directly from the valence band to the co:.duction 
band. Now, suppose that a source providing substantial numbers of 
longer wave length photons is used. An incandescent lamp is such 
a source; an even better example is the common miniature neon lamp 


bulb. Such scurces excite many electrons to energy levels immediately 
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below the conduction band thus effectively swamping the normal 
sources of electrons for these energy levels and making the 
trapping level population depend almost entirely on the instan- 
taneous light level. Since the neon lamp has considerably more 
energy concentrated at wave lengths immediately longer than the 
wavelength required for excitation directly into the conduction 
band, this effect is very much more pronounced with these lamps. 
Thus, at a light level of 2 foot candles, a "time constant” of 
.O45 seconds is typical for white light from an incandescent lamp. 
With illumination from a high brightness type miniature neon lamp 
of an intensity to give the same cell resistance, the "time con- 
stant" is typically .005 seconds. Notice however, that although 
tae worapping Mevels are essentially optically filled on anvimevegss 
oe illuminavion, they still empty via the conduction band and thus 
the eee of “time constant" for a decrease of illumination 
is not guite so great. 

This improved response is not obtained without a price; 
Since the levels immediately below the conduction band are 
much more heavily populated, the frequency of impact ionization 
is much greater and voltage effect is very much increased. For 
equal cell resistance, illumination with a high brightness neon 
lamp causes two to four times the voltage effect which occurs 
With illumination of an incandescent lamp. Mee oe a filter to 


remove Longer wave length radiation from an incandescent lamp 


ee 








reduces yoltage effect by approximately 1/ pe 
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FOOTNOTES 


An excellent survey of the classical methods of analog multi- 
plication is to be found in Korn and Korn, Electronic Analog 
and Hybrid Computers, Chapter Seven,"Hlectronic Multipliers 
and Dividers" 

In a multiplier to be used in a hybrid computer other values 
may be useful. In multipliers of the feedback control type 
such as that to be discussed, k = Ee Figure One) and 
iets Osco lule Cola nemesvartaole, LaCe) tO Gl yage mons to: 
This idea appears in Korn & Korn and was also pointed out 

in a personal conmunication to the Hlectronic Systems Labora- 
tory by Ulrich Tietze of Western Germany who has worked with 
photoconductive multipliers. The division scheme was not 
attempted with the multipliers described herein due to Lack 
of time. 

In the photoconductive multiplier, x is in the form of light 
which makes coupling to additional elements simple and elimin- 
ated "loading" difficulties. That is actually one of the chief 
advantages of multipliers of this type. 

After Figure Two, page 4, of Connelly, An Analog Photoresis- 
tive Multiplier, Report ESL-FR-258. Other multiplier forms 
were suggested by Tietze in the communication previously 


mentioned. 
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Appendix IV contains a reasonably detailed physical explana- 
tlen et “tnese effects. 

CdS data is from experimental work done in connection with this 
thesis ;data on CdSe cells is adapted from the manufacturer's 
literature chiefly Clairex Photoconductive Cell Design Manual, 
25CL366, 1965. 

The manufacturer of the cells used suggested that the narrowest 
spread of temperature might be achieved by using cells from a 
Single batch rather than cells selected for other characteris- 
tics from a number of batches; this idea was tested by measur- 
ing the temperature coefficients of two groups of cells with 
the following results: 


Temperature Coefficient at 40,000 ohms at 28° C. 


Single Batch - 15 cells Mixed Batches - 8 cells 


57 ohms/°C =73: ohms /°C 103 ohms /0C 
63 i [ou Lh), i 
_ ob e {6 he 129 ” 
6 fee 110 : 
65 ‘ OD 28 " 
66 " ci 89 
6o og," 78 
val ; hy” 


Even by inspection one can get the idea that the single hatch 


cells had a more uniform temperature coefficient. This shows 


ee 
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Cen. 

up even more clearly when a few calculations are done. The 
mean temperature coefficient for the entire group of 23 cells 
sel Sab ohms /°Cc. The root mean square deviation from that 

mean is 33.05 ohms/°C for the random group but only 13.56 ohms/ 
°¢ for the single-batch cells. 

The diodes tested were Monsanto type MVE-LOO. These have effi- 
ciencies of the order of .1% or less and operate at a wavelength 
between 6000 and 7000 & (visible red). Paul M. Hamilton, cormer- 
cail Development Manager of the semiconductor Materials Depart- 
ment stated in a personal scimounmcanaen to the writer dated 

28 June 1966 that his firm was attempting to develop a diode 

in the 5500 - 5700 R region (visible green). Such a device 
would be a much better match to the average CdS photoconductor 
which has peak sensitivity in the 5150 - 6200 & region depezd- 
ing on doping. The CL 605L - 020 has peak sensitivity at about 
5500 &. 

The limit would be the mechanical stresses from electric and 
magnetic fields or possibly thermal stress. None of these 
seems to be a problem, Mewever. 

The data on the Electronic Systems Laboratory four-quadrant 
multiplier are taken from Table I, page 6 of Report ESL-FR- 


258. 
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li. This is more of a problem than was anticipated. In the 
measurement of the temperature coefficients in Footnote 
#7, thermal gradients of the order of one degree Faren- 
height per degree per minute were observed despite multiple 
heating elements and careful insulation of the light cavity. 
Anderson in his thesis (An Analog Electro-Optical Multiplier, 
M.I.%., Department of Electrical Engineering, 1963) discusses 
this at some length. 

12. A possible problem is variation in the distribution of Light 
among the cells caused by movement of the lamp filament. 
Specific attention should be given to this question. 


ES. VULaeramaciecally: 
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In other words, the static lamp intensity range is greater than 
that required for full scale output from the cells and tne dynam- 
ie range of lamp voltages exceeds that needed for the full range 
Gf Static Lamp intensities. 

A good reference is the "RCA Photocell Handbook" which describes 
the general characteristics of a variety of photosensitive devices. 
In an early test, a lamp-cell-cavity combination operated on a 
square wave input from a relay at about 10 Hz. with a cell 

"time constant'' of under 2 milliseconds for several hours with 
out any lamp troubles. The peak lamp voltage was 25 volts as 

in the present case, but the range of static lamp voltages was 
different. The optimum relation should have been obtained at 
that time. 

The trade off of stability for speed is forced by the physical 
principles involved as explained in Appendix IV. 

The manufacturer's data provides only the gross outlines; the 
"voltage effect" for example, is not even mentioned. Semicon- 
ductor physics books, on the other hand, provide plenty of de- 
tail but don't make clear what principles cause which effects 


This appendix 1S an effort to bridge the gap. 
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